INTRODUCTION
Neutralizing antibodies confer protective immunity against many viral pathogens, but eliciting such antibodies against HIV-1 has proven elusive. During the first 20 years of HIV-1 research, only a few broadly neutralizing monoclonal antibodies (mAbs) against HIV-1 were defined, each with limited breadth and potency, and in some cases displaying autoreactivity [reviewed in (1, 2) ]. Despite their limited breadth against diverse HIV-1 strains, several of these mAbs were able to block infection of macaques by simian/HIV (SHIV) (3) (4) (5) (6) (7) . More recently, it was recognized that there exists a continuum of HIV-1-infected subjects that generate cross-reactive serum neutralizing antibody responses (8) (9) (10) (11) (12) (13) (14) . Further analysis of these subjects led to the isolation of mAbs that were exceptionally potent and broadly reactive. These mAbs are directed to four highly conserved structural regions on the viral spike: the CD4 binding site (CD4bs), variable region 1 and 2 (V1V2) glycopeptide, outer domain glycans, and the membrane-proximal external region (MPER) [reviewed in (15, 16) ]. Among CD4bs mAbs, VRC01 neutralizes more than 90% of the circulating HIV-1 strains and is representative of a large class of antibodies that target this site (17, 18) . PG9 represents one of a growing number of mAbs directed to HIV-1 envelope (Env) glycans (11, (19) (20) (21) and recognizes a conserved motif, including two glycans and a V1V2 peptide strand found on diverse viruses (22, 23) . A variety of mAbs directed to a conserved MPER structure have also been isolated (24) (25) (26) (27) (28) , and the recently identified 10E8 demonstrates a combination of high potency and minimal autoreactivity not seen in other such mAbs to date (29) .
Although the number of broadly neutralizing mAbs to conserved epitopes on the HIV-1 Env has increased, the high genetic diversity of Env has prompted continued efforts to block HIV-1 infection by targeting the invariant cellular receptors of HIV-1. These primary and secondary receptors, CD4 and CCR5, respectively, represent potential alternatives for blocking HIV-1 entry and have been targets for the development of antiviral drugs, including small-molecule CCR5 antagonists (30, 31) . Because CD4 is the primary HIV-1 receptor on T cells, antibodies to CD4 can potently block viral entry in vitro (32) (33) (34) and have been evaluated for antiviral effects in clinical trials (35, 36) . However, with regard to in vivo prevention of HIV-1 infection, the relative efficacy of mAbs to CD4 compared to those that target conserved Env sites is unknown. To address this question, we have compared the protective efficacy of mAbs to the cellular receptor CD4 and to conserved Env structures in a nonhuman primate (NHP) mucosal SHIV challenge model. HIV-1 strains were potently blocked by 2D5 ( fig. S2 ). The crystal structure of the 2D5 Fab complexed with the first two extracellular domains of human CD4 was determined to 3.65-Å resolution (tables S1 to S3). The structure revealed a 2D5 interaction with domain 1 of CD4 in a manner that partially overlaps with the CD4bs of HIV gp120 (Fig. 1, E  and F, and fig. S3 ). Thus, 2D5 binding to CD4 would directly block CD4 interaction with gp120. The Leu3A mAb has also been reported to bind to domain 1 of CD4 (39) . We next compared the in vitro neutralization potency of 2D5 to mAb VRC01 that targets the CD4bs of gp120, using replication-competent SHIV SF162P3 challenge virus and rhesus peripheral blood mononuclear cell (PBMC) target cells (Fig. 1D) . There was potent dose-dependent neutralization by both mAbs, and 2D5 [median inhibitory concentration (IC 50 ), 0.07 mg/ml] was about 30-fold more potent than VRC01 (IC 50 , 2.15 mg/ml).
Protective efficacy of 2D5 and VRC01 against mucosal SHIV challenge The ability of 2D5 and VRC01 to prevent mucosal SHIV SF162P3 infection was assessed in rhesus macaques. We first assessed mAb 2D5 compared to a control human immunoglobulin G (IgG) using an infusion dose of 40 mg/kg administered intravenously to four animals each, followed by intrarectal inoculation with a single high dose [300 TCID 50 (median tissue culture infectious dose)] of SHIV SF162P3 1 day later. The average plasma concentration of plasma 2D5 was 352 µg/ml on the day of challenge (Table 1 and Fig. 2A ). At this same time point, we also observed full occupancy of CD4 on the surface of circulating CD4 T cells by 2D5 with no depletion of T lymphocyte populations observed ( Fig. 2B and fig. S5 ). Two of four 2D5-treated animals were protected against infection. One of four control animals remained uninfected. This difference between 2D5 and control IgG was not significant (P = 1, Fisher's exact test; n = 4). These data indicate that, even at this high infusion dose, 2D5 was not highly effective in preventing infection.
This protection was compared to VRC01, an HIV-1 Env-specific antibody. A twofold lower dose of VRC01 (20 mg/kg) was infused, and rectal challenge was performed 2 days after antibody administration. Control animals received normal human IgG. Despite the lower average plasma concentration (about sixfold) for VRC01 compared to 2D5 on the day of challenge (Table 1 and Fig. 3A) , none of the four animals were infected compared to three of four in the control group ( Fig. 3B ; P = 0.14, Fisher's exact test; n = 4). Because HIV-1 is commonly transmitted from males to females through exposure at the vaginal mucosa, we also tested the ability of VRC01 to protect against this route of challenge. VRC01 or human IgG was administered at a dose of 20 mg/kg to four animals each; 2 days later, the animals were inoculated intravaginally with SHIV SF162P3. Similar to results after intrarectal challenge, none of the four animals were infected compared to three of four in the control group ( Fig. 3C ; P = 0.14, Fisher's exact test; n = 4). Analysis of the challenge data from VRC01 (eight of eight VRC01 animals protected versus two of eight uninfected controls) demonstrated statistically significant protection (P = 0.01, exact conditional test; n = 8). Thus, the Env-specific mAb VRC01 provided protection against mucosal SHIV SF162P3 challenges and was more effective than mAb 2D5 directed to the CD4 receptor. Table 1 . Pharmacokinetic parameters of the different mAbs and rates of infection after mucosal SHIV challenge of rhesus macaques. Each mAb was given at the indicated dose intravenously to rhesus macaques, and the level of antibody in the plasma was quantitated by an antibody-specific ELISA using the cognate antigen. Values for concentration of mAb and half-life are the means ± SEM. The plasma half-lives were calculated using the WinNonlin software. Protective efficacy of VRC01, PG9, and 10E8 against mucosal SHIV challenge To compare the overall protective efficacy of several well-characterized broadly neutralizing mAbs to HIV-1, we evaluated the relative pharmacokinetics and protection conferred by VRC01, PG9, and 10E8 targeting the CD4bs, V1V2 peptidoglycans, and gp41 membrane proximal Env regions, respectively. Although VRC01 neutralized SHIV SF162P3, 10E8 and PG9 demonstrated weak or no neutralization, respectively, against this SHIV (Fig. 4A) . We therefore evaluated an alternative CCR5-tropic strain, SHIV BaLP4. VRC01 and PG9 neutralized this SHIV with similar IC 50 concentrations (0.02 and 0.06 µg/ml, respectively), whereas 10E8 had a higher IC 50 of 0.57 µg/ml in a single-round entry assay (Fig. 4B) . These results were confirmed in a rhesus PBMC infection assay in which both VRC01 and PG9 were more potent than 10E8 in neutralizing SHIV BaLP4 infection (Fig. 4C) .
To assess the relative protective efficacies of VRC01, PG9, and 10E8, these mAbs were each administered at doses of 20, 5, and 0.3 mg/kg in a study using at least six animals per treatment arm (Table 1) . We first studied the antibody pharmacokinetics. The mean plasma half-lives for VRC01 and 10E8 were comparable (7.0 and 5.2 days, respectively), whereas the half-life of PG9 was only 2.5 days (Table 1 and Fig. 5 ), possibly because of PG9 reactivity with mammalian carbohydrates. Man5GlcNAc2 glycans are required for PG9 binding to its epitope (22) . Notably, GnTI − 293S are 293 cells that lack GnTI activity (40) and consequently produce Man5GlcNAc2 glycans, but not more complex N-glycans. We observed glycan-dependent binding of PG9 to the cell surface of GnTI − 293S cells ( fig. S4 ), raising the possibility that reactivity with host proteins may contribute to its shorter half-life in vivo.
We next evaluated the dosages of antibodies VRC01, PG9, and 10E8 necessary to protect against infection by rectal challenge with SHIV BaLP4. The animals were infused with the respective mAbs (20, 5, or 0.3 mg/kg) and were challenged 2 days after antibody transfer. Fourteen control animals received human IgG followed 2 days later by SHIV BaLP4 challenge, and all became infected (Fig. 6D) . At the highest dose of 20 mg/kg, VRC01 and 10E8 protected all animals (n = 6 for each antibody), and PG9 prevented infection in four of six animals (Fig. 6) . At 5 mg/kg, VRC01 and 10E8 showed similar complete protection of all six animals, whereas PG9 still conferred partial benefit, protecting three of six animals. At 0.3 mg/kg, both VRC01 and 10E8 showed partial efficacy with 4 of 10 and 3 of 6 animals protected, respectively. All six animals that received PG9 (0.3 mg/kg) became infected. Therefore, although all three mAbs were protective, VRC01 and 10E8 were significantly more effective in protecting against acquisition of SHIV BaLP4 infection, as determined by exact logistic regression analysis that was adjusted for dose groups (P = 0.001 for VRC01 versus PG9, n = 22 for VRC01, n = 18 for PG9; P = 0.004 for 10E8 versus PG9, n = 18).
DISCUSSION
Passive antibody protection against HIV-1 infection could result from antibodies directed to the viral Env or potentially from antibodies directed to the primary cellular receptor CD4. Here, we show that despite potent in vitro neutralizing activity against the challenge virus and high occupancy of antibody bound to the CD4 receptor of circulating CD4 + T cells, the anti-CD4 mAb 2D5 provided only partial protection against a mucosal SHIV challenge. In contrast, three well-characterized HIV-1 broadly neutralizing mAbs provided robust in vivo protection, suggesting that the potent viral neutralization observed in vitro translated to high level protection in vivo.
The explanation for the relatively poor protection provided by mAb 2D5 compared to the HIV-1 Env-specific mAbs is not fully apparent. In contrast to the human HIV-1-specific mAbs VRC01, PG9, and 10E8, 2D5 is a mouse mAb and had a shorter circulating half-life in macaques. However, SHIV challenges were performed 1 day after 2D5 infusion, when plasma mAb levels were several hundred micrograms per milliliter and about 1000-fold above the in vitro neutralization IC 50 value of 2D5 against SHIV SF162P3 (Fig. 2A) . Similarly, differences in Fc effector function have been noted previously between species (5, 41), but it is unlikely that these alone would account for the major differences in protection that have been observed when both show strong neutralization potency in vitro. NHP challenge studies have shown that whereas Fc-mediated effector functions may play a small role in antibody-mediated protection (6, 41) , viral neutralization is the major effector function associated with in vivo protection against SHIV challenge (6, 41, 42) . We also documented that 2D5 achieves full occupancy of the macaque CD4 receptor on T cells in the peripheral circulation at the day of challenge. Despite these results, it is more likely that there was insufficient antibody to block all receptors in mucosal and peripheral lymphoid tissues. Greater receptor blocking might be achieved through multiple infusions of 2D5, but given the large number of CD4 + T cells resident in the gastrointestinal tract as well as in other lymphoid organs, it is not clear whether the levels of anti-CD4 antibody needed to block all such potential receptors can be readily attained. An alternative approach could be to locally administer the anti-CD4 antibody to sites of infection like mucosal sites, which may prevent it from binding to CD4 expressed on cells present in other nonrelevant tissue compartments. Topical applications of entry inhibitors and an anti-HIV-1 antibody have shown protective efficacy against mucosal SHIV challenges, although the protection is transient, requiring challenge within a few hours of application (43) (44) (45) . These data suggest a narrow window of protection using cell-directed entry inhibitors.
Ibalizumab is an anti-CD4 antibody that has been evaluated in clinical trials and binds to domain 2 of CD4 (46) . Although 2D5 binds to domain 1 of CD4, both mAbs show substantial potency in inhibition of HIV-1 infection (32) . Notably, the data in this report show that antiEnv mAbs with less potency than the anti-CD4 mAb 2D5 confer greater in vivo protective efficacy. Thus, such anti-CD4 mAbs would seem less attractive candidates for the immune prophylaxis of HIV-1. It remains possible that ibalizumab could have different protective efficacy against SHIV challenge, but no animal model protection studies have yet been published that demonstrate such efficacy. Ibalizumab is derived from a mouse mAb 5A8 that was shown to have a therapeutic effect in chronically SIV-infected macaques (47) . Likewise, ibalizumab reduced viremia after infusion into HIV-1-infected subjects (35, 36) . Thus, anti-CD4 mAbs may have some benefit in a therapeutic setting, but our data highlight the challenges of targeting host cellular proteins to prevent HIV-1 infection.
There are several potentially related explanations for the lower efficacy of PG9. This mAb did not produce complete in vitro neutralization of SHIV BaLP4, but rather the neutralization curve saturated at about 80% neutralization in a single-round infectivity assay (Fig. 4B) . This phenomenon of incomplete in vitro neutralization has been observed for several anti-V1V2 mAbs, including PG9, PG16, and PGT145, and has been observed on a subset of diverse HIV-1 isolates (11, 19) . The mechanism of this effect is not well understood but may be related to incomplete or variable glycosylation of the Env glycoprotein on the virions. Anti-V1V2 mAbs such as PG9 bind to both amino acid and glycan sites and are sensitive to the complexity of glycosylation (22, 23, 48) . It has been shown that binding of PG9 to HIV-1 Env is dependent on the presence of Man5GlcNAc2 glycan at an N-glycosylation site for antigen recognition and that replacement with high mannose-type (Man8GlcNAc2 or Man9GlcNAc2) glycans at this site abrogates PG9 binding. In addition to this requirement for glycan binding, the circulating plasma halflife of PG9 was about twofold shorter than that observed with VRC01 and 10E8. This shorter half-life may reflect properties intrinsic to the variable region or antigen binding site of PG9. PG9 may bind to glycoproteins on the host cell or be taken up by glycosylated scavenger receptors that are present on many cell types, which may contribute to its shorter half-life and lower protective efficacy in vivo. A recent study demonstrated that a V3 glycan mAb, PGT121, provides protection against mucosal SHIV challenge at low doses (49) , indicating that this class of antibodies may be different from those that bind to the V1V2 glycopeptide like PG9 in terms of their in vivo efficacy.
It has been shown previously that b12, another mAb to the CD4bs that neutralizes about 40% of circulating HIV-1 strains, can confer complete protection against mucosal SHIV challenge (41, 50). In addition, 2F5 and 4E10, two mAbs to the MPER, have been shown to protect against mucosal challenge, but protection required relatively high doses of antibody infusion (7, 51) . In contrast, we show that 10E8, an MPER mAb that neutralizes more than 95% of circulating HIV-1 strains, provided complete protection at an infusion dose of 5 mg/kg and partial protection at 0.3 mg/kg. 10E8 displayed about 10-fold less in vitro neutralization potency against SHIV BaLP4 than did VRC01 (Fig. 4 ), yet produced similar in vivo protective efficacy (Fig. 6) . We observed higher plasma concentrations of 10E8 than VRC01 at the day of challenge, which suggests increased bioavailability of 10E8 compared to VRC01 and may relate to its higher in vivo efficacy.
There are several potential limitations to our study. We tested only one antibody to the CD4 receptor, and it is possible that a different anti-CD4 mAb, possibly one with a different mode of CD4 binding or a lower off-rate, could provide better in vivo protection. We also did not test antibodies to the co-receptor molecule CCR5, and because our SHIV challenge virus enters via both CD4 and CCR5, it is possible that antibodies to CCR5 could have an additional effect on transmission. Last, we tested transmission with one SHIV, and the impact of antibodies to the host cell receptors may vary among viruses and in different mucosal tissues.
In summary, we show that mAb 2D5 binds with high affinity to the CD4 receptor and blocks HIV-1 entry in vitro but lacks robust in vivo protective efficacy despite high plasma levels. In contrast, potent protection against infection was observed for mAbs that target highly conserved epitopes on the HIV-1 Env. Among these mAbs, the ones that target CD4bs and MPER may be preferred to those that target V1V2 sites on the HIV-1 Env. These data suggest that the CD4bs and MPER of the HIV-1 Env represent attractive targets for both active and passive immunization strategies to prevent HIV-1 transmission.
MATERIALS AND METHODS
Animal study design Healthy male and female Macaca mulatta animals of Indian origin weighing 3 to 4 kg were used in this study. For the studies using anti-CD4 antibody, the antibody was administered intravenously at a dose of 40 mg/kg and challenged with SHIV SF162P3 (300 TCID 50 , intrarectal) 1 day after passive transfer. For the studies using anti-HIV antibodies, the antibodies were administered intravenously at doses of 20, 5, or 0.3 mg/kg and challenged with either SHIV SF162P3 (300 TCID 50 , intrarectal and intravaginal) or SHIV BaLP4 (1 ml of stock virus, intrarectal) 2 days after passive transfer. For the intravaginal challenge, the animals were treated with Depo-Provera 30 days before challenge to thin the vaginal epithelium and increase infection (52) . Whole blood was collected at different time points to obtain plasma and PBMC samples for measurement of antibody levels and other immune parameters. All animal experiments were reviewed and approved by the Animal Care and Use Committee of the Vaccine Research Center, National Institute of Allergy and Infectious Diseases (NIAID), National Institutes of Health (NIH), and all animals were housed and cared for in accordance with local, state, federal, and institute policies in an American Association for Accreditation of Laboratory Animal Care-accredited facility at the NIH. Challenge viruses SHIV SF162P3, propagated in phytohemagglutinin-activated rhesus macaque PBMCs, was obtained through the NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH (cat. no. 6526; contributors: J. Harouse, C. Cheng-Mayer, and R. Pal, Aaron Diamond AIDS Research Center). Similarly, the challenge stock of SHIV BaLP4 (53) was generated in concanavalin A-activated human PBMCs, and the TCID 50 titer in TZM-bl cells was 12,800/ml.
Neutralization assays
Neutralization of replication-competent SHIV challenge stocks by anti-HIV-1 mAbs was performed in two different assay formats. In one format, neutralization was measured using single-round infection of TZM-bl target cells (HeLa cells engineered to express CD4 and CCR5) with replication-competent SHIV stocks in the presence of the protease inhibitor indinavir, as described previously (54) (55) (56) . In a second format, neutralization was measured using infection of rhesus PBMCs with replication-competent SHIV stocks, allowing for multiple rounds of replication, as described previously (50) . Neutralization of HIV-1 Envmediated entry into target cells by the anti-CD4 antibody was also measured using a modified Env-pseudotyped reporter virus assay. Briefly, the target MAGI-CCR5 cells were first incubated with serial dilutions of the anti-CD4 antibody for 1 hour, followed by addition of the HIV-1 Env pseudotyped virus and quantitation of luciferase reporter activity in cell lysates 72 hours later. Neutralization of replication-competent SHIV by the anti-CD4 antibody was measured using a modified rhesus PBMC infection assay as described previously (50) . Here, instead of incubation of the virus with the antibody, the PBMCs were preincubated with the anti-CD4 antibody for 1 hour before addition of the virus.
Enzyme-linked immunosorbent assays
Quantitative ELISA was used to measure antibody levels in the animal plasma obtained at different time points. For quantitation of mAbs 2D5, VRC01, 10E8, and PG9, soluble CD4, RSC3 (56), MPER peptide, and gp120 (ZM109), respectively, were used to capture the mAbs in the plasma and detected by horseradish peroxidase (HRP)-conjugated anti-mouse or anti-human IgG conjugates (Southern Biotech). Serum half-lives were calculated on the basis of the levels of each mAb measured at different time points after infusion using a noncompartment model by the WinNonlin software (Pharsight).
Binding of anti-CD4 antibodies to soluble CD4 was performed by overnight coating (2 mg/ml) of microtiter plates with either recombinant human CD4 or rhesus CD4 (Immune Technology Corp.), followed by addition of serially diluted mAbs against CD4. Bound mAbs were detected by an HRP-conjugated goat anti-mouse IgG (Jackson ImmunoResearch).
Receptor occupancy assay Whole blood, obtained at different time points after administration of 2D5, was stained in replicates of three (50 ml each) with a fluorescently conjugated anti-mouse IgG (Southern Biotech) to detect cell surfacebound antibodies on the lymphocyte population that were gated on the basis of their forward and side scatter ( fig. S5) . A total of 10,000 events were collected in the lymphocyte gate for each replicate sample. Percent receptor occupancy was calculated by comparing the observed signal to a 100% control, in which a saturating amount of 2D5 (100 mg/ml) was added to the sample that was run in parallel at all time points.
Plasma viral loads
Plasma viral RNA levels were determined using a modified two-step quantitative reverse transcription polymerase chain reaction (PCR) process. Experimental samples were run in parallel with an SIV gag RNA standard on an Applied Biosystems StepOne real-time PCR system. The lower limit of detection using this assay was 250 SIV RNA copies/ml.
Statistical analysis
For SHIV challenge studies, four to six animals per group were evaluated, and sample size was assessed using exact conditional tests. The rate of infection in each mAb group was compared to the corresponding control group using a two-tailed Fisher's exact test and analyzed using the JMP statistical software from SAS Institute Inc. The rates of infection reflect the number of animals infected in each group as noted by at least one weekly time point showing detectable plasma viremia (>250 copies/ml) in a 10-week period after a single high-dose challenge. For direct comparison of the protective efficacy of VRC01, 10E8, and PG9, exact logistic regression analysis was carried out between each pair of antibodies, adjusting for the dose and group sizes at each dose.
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